INTRODUCTION
Fibulin-3 (also known as EFEMP1, S1-5, or FBNL) is a member of the fibulin family of extracellular matrix (ECM) proteins that share a common structure including tandem arrays of calcium-binding EGF domains and a characteristic carboxyl-terminal fibulin domain (1) (2) (3) (4) . Among the six known fibulins, fibulin-3 shares highest homology with fibulin-4 (also known as EFEMP2, MBP1, H411 or UPH1), and fibulin-5 (also known as DANCE or EVEC) (1) (2) (3) (4) . These three fibulins are deemed to be biologically important because mutations in their genes have been associated with several human diseases. A single mutation of an arginine to trypotophan (R345W) in EFEMP1 causes Malattia Leventinese (ML), also known as Doyne honeycomb retinal dystrophy, an autosomal dominantly inherited macular degenerative disease (5) . ML exhibits pathological features and clinical symptoms most similar to age-related macular degeneration (AMD), the leading cause of incurable blindness (6 -8) . A hallmark of both ML and AMD is the presence of sub-retinal pigment epithelium (RPE) deposits. Missense variations in fibulin-5 have been detected in a small number of patients with AMD (9) . In addition, mutations in fibulin-4 and 5 have been found in patients with cutis laxa (10 -12) , a disease characterized by loose, redundant and inelastic skin. Fibulin-4 has also been found to be a target of autoimmunity in osteoarthritis patients (13) . The broad spectrum of the diseases suggests that these fibulins have a wide range of functions and effects, though their precise functions and how defects in them cause diseases are not fully understood.
Several studies utilizing gene targeting in mice have provided insights into the functions of fibulin-4 and 5. Fibulin-5 deficient mice exhibit disrupted and disorganized elastic fibers (14, 15) . We have reported that mice lacking fibulin-4 do not form intact elastic fibers and die perinatally due to severe vascular and lung defects (16) . These studies indicate an essential role for fibulin-4 and 5 in elastic fiber formation. Based on their homology, it is reasonable then to speculate that fibulin-3 may also be important in elastic fiber biology. However, fibulin-3 displays little interaction with elastin, fibrillin-1, and other elastic fiber or basement membrane components, which do interact with fibulin-4 and 5 (17, 18) , and its presence does not compensate for loss of fibulin-4 or 5 function in mice. This suggests that fibulin-3 has distinct functions from those of fibulin-4 and 5.
EFEMP1 was originally cloned as S1-5 from senescent fibroblasts derived from a patient with Werner syndrome, a disease of premature aging (19) . EFEMP1 mRNA is overexpressed in Werner syndrome and senescent human fibroblasts (19) . However, no mutations or other defects in the EFEMP1 gene have been associated with Werner syndrome or other aging conditions. In normal tissues, fibulin-3 is highly expressed by epithelial and endothelial cells throughout the body (17, 20, 21) , and is capable of inhibiting angiogenesis (22) . In donor eyes from ML and AMD patients, fibulin-3 accumulates within the sub-RPE deposits and between the deposits and the RPE (23) . The mutant fibulin-3 protein that causes ML is misfolded and accumulates inside cells overexpressing it (23) . Thus, it has been speculated that the mutation in fibulin-3 may cause macular degeneration through damage to RPE cellular functions by protein misfolding and aggregation (23) . However, it is highly possible that the mutation causes the disease through the impairment of a specific function that fibulin-3 may have in the eye.
In this study, we have generated Efemp1 knockout mice and report the complex phenotype developed in these mice including early aging and strain specific herniation, but not macular degeneration. We found that fibulin-3 has a specific effect on the integrity of elastic fibers in fascia connective tissues that may explain the herniation phenotype. We also found that the genetic background of the mice greatly influences some phenotypes (e.g. herniation), suggesting the presence of modifier genes in different mouse strains that compensate for or suppress fibulin-3's effects.
RESULTS

Generation of Efemp1
2/2 mice
The mouse Efemp1 gene was disrupted by replacing exons 4 and 5 with the neomycin-resistant gene sequence (Fig. 1A ) through homologous recombination (Fig. 1B) . This resulted in the complete ablation of Efemp1. Reverse transcriptionpolymerase chain reaction (RT -PCR) (Fig. 1C ) and western blot analysis (Fig. 1D ) demonstrated that there was no transcript or protein present in the homozygous mice. We maintained the mice in this study on two mixed background, 129Sv/J-BALB/c or 129Sv/J-C57BL/6. The BALB/c mixed strain had an albino or chinchilla coat color, and the C57BL/ 6 mixed strain had a brown or black coat color. Both Efemp1 þ/2 and Efemp1 2/2 mice were born with a Mendelian ratio and showed no gross differences from their wild-type littermates at birth. Therefore, fibulin-3 was not required for mouse early survival.
Herniation in Efemp1
2/2 mice with C57BL/6 background When mice grew to 2 months of age or older, we started to notice that visually discernable bulges or protrusions developed at several sites in both male and female pigmented Efemp1 2/2 mice that had been bred against a C57BL/6 genetic background. There were lateral bulges (either unilateral or bilateral) near hind legs, rear bulges with or without rectal prolapse in anorectal area, or protrusions in the chest area.
Autopsy of mice sacrificed at varying ages revealed that the lateral bulges ( Fig. 2A and B) consisted of fat tissue and/or other abdominal contents ( Fig. 2C and D) . In heavier mice with abundant fat tissues in the abdominal cavity, fat bodies were herniated out first (Fig. 2C ), but in mice with little abdominal fat, hernias contained other abdominal contents such as intestines (Fig. 2D) . The content of hernias could be freely moved around and back and forth into the abdominal cavity. Although some hernias appeared to originate on the backs of the mice (Fig. 2C and D) , we found that all of them herniated out from the myopectineal orifice, a small spot in the inguinal area where the abdominal wall is devoid of muscle and contains only transverse fascia, a thin layer of aponeurotic connective tissue ( Fig. 2E and F) . Thus, they are direct inguinal hernias.
Anorectal bulges in Efemp1 2/2 mice were different in males from females. In males (Fig. 3A) , they were often unilateral or asymmetrical, especially when they first became noticeable and were small in size, and they were not accompanied by rectal prolapse as frequently as in females. On dissection, the smaller bulges usually contained only fat tissues (Fig. 3B) , and the larger bulges contained both fat and abdominal contents. These contents appeared to herniate out of the abdominal cavity at the myopectineal orifice through the external inguinal ring of the inguinal canal and together with the spermatic cord down to the scrotum (Fig. 3B) . When the hernias became more severe and larger or when they occurred bilaterally, the entire area was occupied. Thus, in male Efemp1 2/2 mice, the rear bulges were indirect inguinal hernias. In humans, indirect inguinal hernias are much more common in men than women owing to the much larger inguinal canals in men. In female Efemp1 2/2 mice, the rear bulges contained pelvic organs such as uterus, bladder, and rectum (data not shown). Thus, they were the results of pelvic organ prolapse. The vesical ligaments of the pelvic fascia covering and supporting pelvic organs appeared to be disrupted in these mice. These ligaments are thin layers of fascia connective tissues similar to the transverse fascia membranes covering the myopectineal orifice.
Autopsy revealed that the protrusion (Fig. 3D ) at the base of the thorax in Efemp1 2/2 mice was xiphoid process (Fig. 3E ), a cartilaginous extension of the lower part of the sternum. The abdominal cavity wall covering this cartilage is composed of fascia membranes at the tip of the linea alba, a thin layer of aponeurotic connective tissue, and a layer of superficial fascia. This is a weak point where some epigastric hernias are found in humans. In mice the xiphoid process is proportionally larger than in humans. Both male and female Efemp1 2/2 mice developed xiphoid process protrusions. One hundred percent of Efemp1 2/2 mice on the C57BL/6 background developed at least one form of these hernias or protrusions during their lifespan, and frequently an individual mouse had two or more forms of hernias. The time of onset varied, ranging from 2 months to over 1 year of age. The degree of severity also varied, but increased progressively with age. Both male and female mice developed hernias. We did not find significant differences in severity or the onset time of the hernias between male and female mice. None of the wild-type or Efemp1 þ/2 littermates of Efemp1 2/2 mice developed any hernias or protrusions (Fig. 3C) . Interestingly, we did not find any direct inguinal hernias or xiphoid protrusions in Efemp1 2/2 mice on the BALB/c genetic background with albino or chinchilla coat color. Occasionally we found rear bulges associated with albino Efemp1 2/2 mice with an advanced age (over 1 year old). The differences in hernia phenotypes between C57BL/6 and BALB/c strains suggest that modifier(s) exist for fibulin-3's effect in different strains.
Reduced elastic fibers in fascia of
There is a similarity among the sites of hernias or protrusions in Efemp1 2/2 mice. Transverse fascia at the myopectineal orifice, linea alba, or the vesical ligaments of the pelvic fascia were found to be disrupted at the sites. These structures are all fascia membranes. Fascia is a thin layer of connective tissue that is present throughout the body. It surrounds muscles, bones, joints and organs, providing support, protection and giving structure to the body (24) . Fascia is generally classified into superficial fascia located directly under the skin, deep fascia beneath the superficial fascia, and visceral fascia associated with the cavities of the body (24) . We sampled fascia membranes from a number of sites in wild-type and Efemp1 2/2 mice on either a C57BL/6 or BALB/c background. Histological analysis revealed that all fascia membranes contained prominent collagen fibers in both wild-type and Efemp1 2/2 mice (data not shown). In wild-type mice, elastic fibers were prominent ( Fig. 4A and C) and were more abundant in visceral than superficial fascia. However, fascia membranes from the Efemp1 2/2 mice showed a marked reduction in elastic fiber networks ( Fig. 4B and D) . Interestingly, the reduction was more severe in C57BL/6 than BALB/c Efemp1 2/2 mice. There were faint, fine elastic fibers visible in BALB/c Efemp1 2/2 membranes ( Fig. 4D ), but a near absence of elastic fibers in C57BL/6 Efemp1 2/2 membranes (Fig. 4B ).
To determine whether elastic fibers in other tissues were affected and whether the ultrastructure of elastic fibers was altered in Efemp1 2/2 mice, we performed a light and electron microscopic study on aorta, lung and skin. By light microscopy, elastin staining revealed no obvious differences in the elastic lamina of aorta and elastic fibers in lung. However, a slight reduction in the elastic fiber network in the skin was observed in Efemp1 2/2 mice (data not shown). This reduction was similar in C57BL/6 and BALB/c mice. The two main components of elastic fibers, elastin and microfibrils, are easily distinguished by electron microscopy. At 3 months of age, the dermal elastic fibers in wild-type mice consisted of a relatively solid core of elastin with microfibrils surrounding, and embedded within, the elastin (Fig. 5A ). In contrast, the elastin appeared considerably more fragmented, with the microfibrils being much more visible in elastic fibers from Efemp1 2/2 mouse skin (Fig. 5B ). By 8 months of age, the dermal elastic fibers in wild-type and Efemp1 2/2 mice appeared similar, both being somewhat mottled in appearance ( Fig. 5C and D) . No discernible ultrastructural differences were found in the elastic laminae of aorta and elastic fibers in lung of Efemp1 2/2 mice (data not shown). These results demonstrate that a lack of fibulin-3 causes a severe reduction in elastic fiber content in fascia, but only subtle or no effect on elastic fibers in other tissues we examined.
Efemp1
2/2 mice exhibit reduced reproductivity
Regardless of genetic background, we observed that Efemp1 2/2 mice were either sterile or produced very few pups and stopped breeding quickly. We monitored breeding pairs of wild-type or Efemp1 þ/2 mice and breeding pairs containing one Efemp1 2/2 mouse and one wild-type or Efemp1 þ/2 mouse. While wild-type or Efemp1 þ/2 mice had as many as 17 litters during their life time and as many as 16 pups in an individual litter, breeding pairs containing a fibulin-3 2/2 mouse had a maximum of four litters and a maximum of five pups in any individual litter (Supplementary Material, Table S1 ). Only one female Efemp1 þ/2 mouse we monitored never produced any offspring, but 41% of the Efemp1 2/2 mice monitored (11 out of 27) were sterile. The wild-type or Efemp1 þ/2 mice produced a median of 11 litters and seven pups in an individual litter. The Efemp1 2/2 mice that were not sterile produced a median of two litters and two pups in an individual litter (Supplementary Material, Table S1 ). The findings were similar for both male and female Efemp1 2/2 mice with either C57BL/6 or BALB/c background. These data indicated a markedly reduced reproductivity of Efemp1 2/2 mice. Table S2 ). Thus, the lifespan of Efemp1 2/2 mice was significantly shorter than wild-type mice. A precise cause of death was difficult to determine. Although some of the C57BL/6 Efemp1 2/2 mice might have died from hernia complications, postmortem examination did not reveal any obvious vital defects in the Efemp1 2/2 mice, and this shortened lifespan was similar for all the Efemp1 2/2 mice regardless of genetic background. During the first 10 months of age, other than hernias or protrusions in the C57BL/6 Efemp1 2/2 mice, the only morphological difference noted was that the skin of some Efemp1 2/2 mice (regardless of the genetic background) was looser than their wild-type littermates when they were several months old (data not shown). This was more visually distinguishable in males than females. While this condition was not dramatic, the gross appearance of some Efemp1 2/2 mice became obviously different from their wild-type littermates by 12 months of age, and the difference became highly consistent in all the Efemp1 2/2 mice by 18 months of age. They exhibited a host of signs of early aging including an absence of vigor, loss of hair glossiness, coarse hair, hair thinning on the back, reduced body size, lordokyphosis and frequent periophthalmic lesions ( Fig. 6A and C ; Supplementary Material, Table S2 ).
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Human Molecular Genetics, 2007, Vol. 16, No. 24 Weighing the mice at 18-24 months of age confirmed significant reductions in the body mass of Efemp1 2/2 mice compared with their age-matched wild-type littermates (Fig. 6F) . Whole body X-ray analysis showed a severely curved spine and reduced bone density in Efemp1 2/2 mice indicating pronounced lordokyphosis and osteoporosis ( Fig. 6B and E) . Autopsy of Efemp1 2/2 mice sacrificed at older ages demonstrated clear, visible reductions in adipose tissues and muscle mass in comparison to wild-type littermates. Isolated calf muscle weights from 24 months old Efemp1 2/2 and wildtype mice indicated an over 30% reduction in the mean muscle mass in Efemp1 2/2 mice (Fig. 6J ). Dissection and histopathological examination revealed atrophic and degenerating internal organs including spleen, liver, kidney, testes and uterus in 18-24 month old Efemp1 2/2 mice (Fig. 6D) . The mean weight of internal organs such as spleen, liver and kidney from Efemp1 2/2 mice was significantly (P,0.05) reduced compared to wild-type mice (Fig. 6G -I ). Both males and females showed comparable reductions in body weight and organ masses. These results are consistent with human aging. Reductions in body, liver, spleen and kidney masses are a normal consequence of aging in humans over 60 years of age (25) .
Histological analysis of skin sections revealed significant differences in the thickness of subcutaneous adipose of aged (24 months old) wild-type and Efemp1 2/2 mice ( Fig. 7C  and D) , but no obvious differences were seen in young (3 months old) mice (Fig. 7A and B) . While a substantial layer of subcutaneous adipose was present in the skin of old wildtype mice (Fig. 7C) , virtually no subcutaneous adipose was observed in the skin of old Efemp1 2/2 mice (Fig. 7D) . Although reduced dermal thickness is associated with aging in humans (26), we did not find significant differences in dermal thickness between wild-type and Efemp1 2/2 mice ( Fig. 7C and D) .
Hair growth declines as a function of age in mice (27) . We observed hair thinning on the nucha and dorsum of older Efemp1 2/2 mice. To test whether Efemp1 2/2 mice have reduced ability to regrow hair, we performed hair regrowth assays with two age groups of mice: relatively young (5 -10 months old) and relatively old (19 -21 months old). In each group, age-matched littermates of wild-type and Efemp1 2/2 mice were used. After shaving a dorsal segment of skin and measuring the amount of hair growth after 25 days, we found no differences in hair growth in younger wild-type and Efemp1 2/2 mice. Hair completely regrew within 25 Human
days. However, older Efemp1 2/2 mice only had very limited hair regrowth 25 days after shaving (Fig. 8B and D) , while the wild-type mice had complete hair regrowth ( Fig. 8A and C) . The mean hair regrowth was reduced by .50% in Efemp1 2/2 mice compared to their wild-type littermates (Fig. 8E) .
Some aging features such as hair graying, skin ulceration or cataracts were not increased in frequency in the older Efemp1 2/2 mice. There were no obvious differences in lungs, heart and intestines in the older wild-type and Efemp1 2/2 mice. Blood cell counts were similar in wild-type and Efemp1 2/2 mice (data not shown). Thus, the older Efemp1 2/2 mice display an early onset of most, but not all, phenotypes associated with aging.
Normal wound healing in Efemp1
2/2 mice One function of age in both mice and humans is a reduced ability to deal with stresses such as wound healing (28) . To test this capacity, we performed wound-healing assays with both young (3 months) and old (24 months) mice. Wounds were induced and monitored over a period of 10 days for closure before sacrifice. As shown in Fig. 9 , neither young nor old Efemp1 2/2 mice showed any significant differences in wound sizes from their age-matched wild-type controls. Thus, Efemp1 2/2 mice appeared to have normal wound healing capability.
No apparent macular degeneration-associated defects in Efemp1 2/2 mice Since a mutation in the EFEMP1 gene causes ML, we investigated whether Efemp1 2/2 mice had any eye defects associated with macular degeneration. The pathogenic site in human ML patients is at the level of Bruch's membrane and the RPE. Immunofluorescence staining confirmed that the fibulin-3 protein was present in Bruch's membrane (Fig. 10B ) in wildtype ( Fig. 10A and B) , but not Efemp1 2/2 mice (Fig. 10C and  D) . Bruch's membrane is a layered membrane structure containing the basement membrane of the RPE, collagen and elastic fiber layers and the basement membrane of the choroidal capillary endothelial cells (29) . These layers are very thin and are not distinguishable under the light microscope. Electron microscopy showed that the elastic fiber layer of Bruch's membrane appeared to be more discontinuous and less homogeneous in Efemp1 2/2 mice than wild-type mice ( Fig. 10E and F) . But overall, the layered structures of Bruch's membrane were similar in wild-type and Efemp1 2/2 mice. The RPE basal infoldings appeared less convoluted and more compacted in Efemp1 2/2 mice than that in wild-type mice ( Fig. 10E and F) . No obvious difference was observed in other parts of the RPE and the retina in Efemp1 2/2 mice. Importantly, we did not observe any sub-RPE deposits, the hallmark of macular degeneration, in Efemp1 2/2 mice, even at advanced ages (over 18 months old). It is unlikely that anatomical differences between human and mouse retinas (30) account for the lack of macular degeneration-associated defects in Efemp1 2/2 mice, since sub-RPE deposits are prominent in a knock-in mouse model harboring the R345W mutation in the Efemp1 gene (31, 32) . This result suggests that macular degeneration due to mutation of Efemp1 is not the result of a loss of function.
DISCUSSION
The Efemp1
2/2 mice generated in this study exhibit several seemingly unrelated phenotypes including herniation and early aging. We found that the herniation was due to disruption of fascia membranes in Efemp1 2/2 mice. Although the precise cause of early aging is difficult to determine, we hypothesize that a weakening or disruption in fascia contributes to the early aging in Efemp1 2/2 mice. Loose skin is one characteristic of early aging and Efemp1 2/2 mice exhibit loose skin as early as 3 months of age. It is highly probable that the loose skin is the result of a weakening or disruption in the superficial fascia, which connects the skin to the body and serves as a protective padding to cushion the subcutis. Defects in fascia could also cause the other early aging symptoms observed in Efemp1 2/2 mice. Fascia is extensive and associated with virtually every part of the body. Not only do fascia membranes connect skin to the body, they also interpenetrate and envelop the muscles, bones, cartilage, nerves and blood vessels, and suspend organs within their cavities. Fascia serves diverse functions maintaining and connecting structures, providing a passageway for lymph, nerve and blood vessels, storing fat and water, and protecting the internal structures from injury (24) . A disruption in fascia may not result in an abrupt dysfunction of any organ, but it can lead Figure 5 . Electron microscopy of dermal elastic fibers in wild-type and Efemp1 2/2 mice. Cross-sections of elastic fibers from wild-type (A) and Efemp1 2/2 (B) mice at 3 months of age. Note that the elastin core (e) of the elastic fiber is more fragmented in the Efemp1 2/2 dermis resulting in the microfibrils (mf) being more evident. Dermal collagen fibers run multidirectional and are not always oriented in the same way as dermal elastic fibers. Other than differences in orientation, collagen fibers appeared to be similar in both wild-type and Efemp1 to displacement and loss of protection and support. Ultimately, the integrity of the body is compromised. Changes in shape, damage due to trauma, altered patterns of blood and lymph circulation, and changed access to local fat supplies could also result in a gradual deterioration of organ functions that closely resembles aging. The phenotypic data from Efemp1 2/2 mice provide important clues to fibulin-3's function. The principle defect observed in Efemp1 2/2 fascia was a dramatic reduction of elastic fiber networks. To date, the only protein reported to interact strongly with fibulin-3 is tissue inhibitor of metalloproteinase-3 (TIMP-3), an endogenous inhibitor of matrix metalloproteinases (MMPs) (33) . Thus, it is possible that fibulin-3 functions to protect elastic fibers from degradation by ECM enzymes. We hypothesize that fibulin-3 is an ECM enzyme antagonist that augments the inhibitory activity of TIMP-3 or antagonize MMPs or other ECM enzymes directly. The tissue specificity may be dictated by the location of fibulin-3 or the enzymes. Fibulin-3 is highly expressed by endothelial and epithelial cells and is particularly abundant in small blood vessels (17, 20, 21) . Since fascia serves as a passageway for and contains large numbers of lymph and small blood vessels, a lack of fibulin-3 may greatly impact the integrity of the organs they connect by altering the flow of blood and lymph. Alternatively, fibulin-3 may also have subtle but wide effects on multiple tissues, with its effects being particularly evident only in the thin layers of the fascia membranes. The enzyme(s) antagonized by fibulin-3 may have specific effects on ECM remodeling in tissues beyond fascia. For example, the enzyme(s) may normally be involved in bone remodeling but not wound healing. This could explain why Efemp1 2/2 mice have reduced bone density, but normal wound healing ability. Although our data did not reveal obvious differences in collagen fibers or other ECM components between wild-type and Efemp1 2/2 mice, we cannot rule out the possibility that other defects do exist but were undetected by our methods of analysis.
It is interesting that herniation is predominantly manifested in Efemp1 2/2 mice on the C57BL/6 but not BALB/c background. This suggests a lack of a compensatory gene(s) for fibulin-3's function or the presence of enhancing gene(s) for herniation specifically in C57BL/6 strains. Although it is well known that genetic background can greatly influence the phenotypes of genetically engineered mice, it is often difficult to pin point the modifier for any specific features. In comparison with C57Bl/6 mice, BALB/c mice have significantly higher levels of TIMP-1 and MMP-3 than C57BL/6 mice in response to certain pathological conditions (34) . If fibulin-3 functions as an ECM enzyme antagonist, a higher level of TIMPs or other protective MMPs in response to the lack of fibulin-3 may contribute to the less severe herniation phenotype in Efemp1 2/2 mice on the BALB/c background. Correlating with this theory, our histological analysis found that elastic fibers were virtually absent in fascia of C57BL/6 Efemp1 2/2 mice, but were significantly reduced, though present in fascia of BALB/c Efemp1 2/2 mice. Fibulin-3 shares 50% amino acid identity, and is nearly identical in its structural organization to fibulin-4 and 5 (1, 2, 4) . Previous studies have shown that both fibulin-4 and 5 play essential roles in elastic fiber formation (14 -16) . Our findings, however, suggest that the function of fibulin-3 in relation to elastic fibers is much less critical than that of fibulin-4 or 5. Elastic fibers in tissues other than fascia are only mildly affected or unaffected, and no obvious defects were identified in elastogenic organs such as blood vessels and lung in Efemp1 2/2 mice. In contrast, fibulin-4 2/2 mice have severe vascular and lung defects and exhibit no intact elastic fibers in any tissue (16) . Fibulin-5 2/2 mice exhibit loose skin, emphysematous lungs, a stiff and tortuous aorta, and pelvic prolapse due to disorganized and fragmented elastic fibers (14, 15, 35) . Despite the wide spread effects of the absence of fibulin-4 or 5 on elastic fibers, fibulin-3 deficiency is not compensated for by fibulin-4 or 5. Unlike fibulin-4 or 5, fibulin-3 shows little interaction with elastic fiber components (17, 18) . Therefore, fibulin-3 is not likely to be a critical player in elastic fiber assembly. Rather, it may be an antagonist for ECM enzyme(s) as we hypothesized, and the elastic fiber defect in Efemp1 2/2 mice may be due to excessive degradation secondary to loss of fibulin-3's protective function.
General defects in collagen or elastic fibers can cause hernias, but they usually also lead to other systematic problems such as vascular and lung dysfunctions. For example, Marfan syndrome patients have skeletal, lung and vascular abnormalities resulting from microfibril and elastic fiber defects (36) . Some collagen fiber defects lead to EhlersDanlos syndrome, which has skin and other pathological manifestations (37) . Both Marfan syndrome and Ehlers-Danlos syndrome patients are at higher risk of developing inguinal hernias (38, 39) . It is unique that Efemp1 2/2 mice develop large inguinal hernias and other protrusions, but are devoid of obvious defects in other systems. Inguinal hernias commonly occur in humans without other systematic conditions and some families are genetically predisposed (40, 41) . Thus, our findings suggest that mutations or other defects in the EFEMP1 gene could be one cause of inguinal hernias in humans.
A R345W mutation in the EFEMP1 gene causes ML, an inherited form of macular degeneration characterized by sub-RPE deposits within or attached to Bruch's membrane. The lack of defects or deposits in Bruch's membrane characteristic of macular degeneration in Efemp1 2/2 mice suggests that loss of fibulin-3 function does not cause macular degeneration. The middle layer of Bruch's membrane is similar to fascia in the sense that it is an ultra thin layer of connective tissue containing collagen fibers, elastic fibers and other ECM components including proteoglycans (29) . We did find that the elastic fibers of Bruch's membrane in Efemp1 2/2 mice were less intact than those in wild-type mice. This is in contrast to the phenotype of Efemp1 knock-in mice harboring the R345W mutation which develops symptoms of macular degeneration but is otherwise normal (31, 32) . ML patients carrying the R345W mutation are not known to have other systemic symptoms (6) . Thus, it is likely that the R345W mutation in the EFEMP1 gene does not disrupt fibulin-3's normal function. Bruch's membrane is located between the RPE/photoreceptors and their blood supply in the choroid. In addition to acting as a support element and 2/2 (2/2; black column) mice (n ¼ 6) and their age-matched wild-type littermate controls (þ/þ; white column) (n ¼ 8). Data are mean+SD.
Ã P,0.05, compared to the wild-type by t-test.
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Human Molecular Genetics, 2007, Vol. 16, No. 24 an attachment site for the RPE, it provides a semipermeable diffusion barrier through which metabolic exchange takes place (29) . The R345W mutation may have an added detrimental effect that affects Bruch's membrane to a greater extent than other tissues to cause macular degeneration because of its strategic location and unique function. For example, mutant fibulin-3 may cause the formation of a structurally altered Bruch's membrane that induces an injury response from RPE cells by secreting excess basement membrane. This may in turn cause the formation of sub-RPE deposits and impair the diffusion property of Bruch's membrane. In summary, the data presented in this study support a role for fibulin-3 in elastic fiber integrity in fascia connective tissues and in the regulation of aging. Our results underscore the function of fascia, a seemingly unobtrusive, but overwhelming abundant and extensive tissue. Based on our findings, we put forth a novel hypothesis, that fascia defects are an important but previously unrecognized contributor to aging. Further studies using the Efemp1 2/2 mouse model will therefore undoubtedly provide additional valuable information concerning the function of fibulin-3 both in the maintenance of elastic fiber integrity and in the role of fascia membranes in aging.
MATERIALS AND METHODS
Efemp1
2/2 mouse generation, breeding and maintenance
The mouse Efemp1 gene was isolated from a genomic 129/SvJ mouse library. A replacement targeting vector was constructed using a 3.6 kb fragment from intron III and a 5 kb fragment from exon 5 to intron V of the gene as the 5 0 and 3 0 arms of homology, respectively (Fig. 1) . Both fragments were subcloned into the vector PGKneolox2DTA. The targeting construct was linearized and electroporated into 129 Sv/J ES cells (Cell and Molecular Technologies, Inc.). Homologous recombination between the wild-type locus and the targeting vector resulted in the replacement of 1 kb of genomic DNA, including exon 4 and part of exon 5, with the 1.8 kb neo r cassette. Recombinant clones were injected into C57BL/6 blastocysts to generate chimeras. Germline-transmitting chimeras were crossed two generations into BALB/c or C57BL/6 strains, so that the mice in this study were mixed inbred 129Sv/J-BALB/c or 129Sv/J-C57BL/6 mice. Heterozygotes determined by Southern blot analysis of tail DNA were inbred to yield Efemp1 2/2 homozygous mutants (Fig. 1) .
Southern blot, RT -PCR and western blot
Southern blot analysis and RT -PCR were performed as previously described (16) to identify homologous recombinants and to confirm the absence of Efemp1 mRNA expression in Figure 9 . Normal wound healing in Efemp1 2/2 mice. Wound sizes were similar in wild-type and Efemp1 2/2 mice at 1-10 days after wounding in both 3 month-old (A) and 24 month-old mice (B). þ/þ, wild-type; 2/2, Efemp1 2/2 . Data are mean+SD. For western blot, mice were sacrificed by CO 2 asphyxiation and immediately perfused with TBS (pH 7.45) to flush out the blood from tissues. Lung tissues were collected and homogenized in TBS (pH 7.45) containing 10 mM EDTA, 5 mM NEM and 2 mM PMSF. After centrifugation, the supernatants were collected and the total protein concentration was determined with a BCA assay (Pierce). Tissue extracts were separated on a 10% SDS-PAGE gel and western blotting was performed as previously described with a polyclonal anti-mouse fibulin-3 antibody (42).
Mouse reproductivity and longevity
Efemp1
2/2 mice were bred with wild-type or Efemp1
mice to determine their reproductivity. As controls, wild-type or Efemp1 þ/2 mice were interbred. The number of litters and the number of pups in each litter were recorded (Supplementary Material, Table S1 ). The entire mouse colony was monitored for longevity over their lifespan. Mice that died of apparent non-natural causes (e.g. cage fight injuries, pan flood accidents) were excluded from the longevity data.
Analysis of mouse aging phenotypes
Mice were inspected visually for gross changes weekly. Littermates of wild-type, heterozygous, and homozygous mice were co-caged and inspected side by side. Autopsy analysis was performed after mice were sacrificed. Internal organs including liver, spleen, and kidney were removed and weighed. The calf muscles were isolated and weighed. Whole-body X-rays were performed for bone analysis using a micro CT system. Projection X-ray images were obtained at a voltage of 32 kVp and an anode current of 0.4 mA with 1 s acquisition.
Histological analysis
Mice were sacrificed by CO 2 asphyxiation and tissues were collected, fixed in 10% neutral-buffered formalin or 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.2, dehydrated, and embedded in paraffin. Sections of 10 mm were stained with hemotoxylin and eosin (H&E), for elastin using an elastin staining kit (Sigma), or for collagen using a Masson's trichrome stain kit (Diagnostic BioSystems) according to manufacture's instructions.
Spread preparations of fascia membranes were prepared as follows: fascia membranes were sampled from under the skin, abdominal wall and vesical ligaments associated with bladder and colorectum. Small pieces of membrane were spread out on glass slides and air-dried. The dried preparations were fixed with 4% paraformaldehyde and processed for staining using H&E, an elastin staining kit, or a Masson's trichrome stain kit.
For transmission electron microscopy of the eye, lung and aorta, tissues were fixed in half-strength Karnovsky's fixative (2.5% gluteraldehyde and 2% paraformaldehyde in 0.1 M cacodylate buffer, pH 7.2) overnight and then postfixed with 1% osmium tetroxide, stained in 2% tannic acid, dehydrated in a graded series of alcohols and embedded in epoxy resin. Thin sections were cut on a Reichert Ultracut microtome and stained with uranyl acetate and lead citrate. Samples were examined and photographed using a Philips CM-12 electron microscope equipped with an AMT CCD camera (Advanced Microscopy Techniques Corp., Danvers, MA, USA) and AMTV542 software. For transmission electron microscopy of the dermis, strips of skin were trimmed into 1 mm 3 pieces and fixed with 3% glutaraldehyde in 0.1 M sodium cacodylate (pH 7.4) overnight at 48C, sequentially treated with osmium tetroxide, tannic acid and uranyl acetate, then dehydrated and embedded in Epon as previously described (43) . Thin sections (60 nm) were counterstained with methanolic uranyl acetate and lead citrate, and viewed using a Tecnai 12 transmission electron microscope at 120 kV. The images were digitally captured.
Immunofluorescence
Mouse tissues fixed in 4% paraformaldehyde were cryoprotected in 30% sucrose in PBS and embedded in OCT at 2208C. Immunofluorescence staining of 10 mm cryosections was performed as previously described (17) using an affinity purified polyclonal anti-mouse fibulin-3 antibody. Cell nuclei were stained with 4 0 ,6-diamidino-2-phenylindole (DAPI). Stained sections were examined and photographed using a Nikon E600 microscope equipped with a CCD camera and ACTII software (Nikon Inc.).
Wound healing analysis
Full-thickness wounds were induced as described previously (44) with modification. Age-matched Efemp1 þ/þ and Efemp1 2/2 mice were anesthetized with Avertin (250 mg/ kg). For the duration of each wound-healing experiment acetaminophen (Children's Tylenol) was added to the drinking water at 1 mg/ml and sulfamethoxazole/trimethoprim oral suspension was added at 1 ml/150 ml. Circular wounds were generated using a 3-mm biopsy punch in the center of the back after shaving using an electric razor. Wounds were monitored over a period of 10 days for closure and wound diameters were measured per time point (1, 2, 3, 4, 5, 7, 8, 9 and 10 days).
Hair regrowth assay
Age-matched Efemp1 þ/þ and Efemp1 2/2 mice were shaved on their lower back using an electric razor and monitored for hair regrowing for 25 days. Hair regrowth was measured as described previously (45) . Briefly, an approximately 2-cm 2 area was shaved in each mouse. Hair regrowth was defined as the first appearance of hair and was scored using a transparent screen with grids dividing the area into eight equal portions.
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